We have studied the frequency of antimicrobial resistance and epidemiological relatedness among 473 isolates of Salmonella enterica subsp. enterica serovar typhimurium (S. typhimurium) from human and veterinary sources. The human strains were clinical isolates from patients with diarrhoea sent to the State Serum Institute during August 1993 (228 isolates). The animal strains were isolated from clinical or subclinical infections in cattle (48 isolates), pigs (99 isolates) or poultry (98 isolates), all from 1993. All strains were tested against 22 different antimicrobial agents used in both human and veterinary medicine with the tablet diffusion method. Strains were also phage-typed and the plasmid content determined in all resistant strains. Ribotyping was performed on selected strains. Of 228 human isolates tested, 19.3% of the strains were resistant to one or more antimicrobial agent compared with 10.4% of strains from cattle, 11.1% of strains from pigs and 9.2% of strains from poultry. Multiple resistance, i.e. resistance against at least four antimicrobial agents, was found in 9.2% of the human strains, but in only two of the cattle isolates. The majority of the multi-resistant strains in humans were from infections contracted outside Denmark, most often in southern Europe or south-east Asia. Resistance in human strains was most common against tetracycline (13%), ampicillin (12%), sulphonamide (12%), streptomycin (10%) and chloramphenicol (8%). The resistance pattern differed somewhat in animal isolates: Poultry strains were usually resistant only to ampicillin, while pig and cattle isolates were most often resistant to sulphonamide, tetracycline and streptomycin. Typing of the strains showed that some animal strains and human strains were indistinguishable. In conclusion, while antimicrobial resistance was present in S. typhimurium isolated from humans and animals in Denmark, multiple resistance was most often acquired outside Denmark. 
Introduction
Human salmonellosis has been increasing in Denmark since the early 1980s, with a total of 3802 cases registered in 1993 alone. The predominant serovars are Salmonella enterica subsp. enterica serovar typhimurium (S. typhimurium) and S. enderitidis, responsible for 35% and 31% of infections, respectively, in 1993. The zoonotic nature of salmonella infections is well established, and the observed increase in human cases has been associated with increasing levels of infection in Danish animal husbandry, notably in pigs and poultry. 1, 2 In addition to domestically derived cases, imported food products and travel are also sources of human salmonellosis.
In the past only salmonella isolates from human septicaemia cases have been examined for resistance to antimicrobial agents. This surveillance has so far indicated low levels of resistance in Denmark. Similarly, only salmonella isolates from clinical, but not subclinical, infections in animals have been examined for resistance to antimicrobial agents. Subclinical infections are more prevalent than clinical infections. 2, 3 Previous investigations of S. typhimurium in other countries have demonstrated high levels of resistance to antimicrobial agents in human as well as animal isolates. [4] [5] [6] [7] Furthermore, investigations have shown that the occurrence of antimicrobial-resistant S. typhimurium in domestic animals is associated with the use of antimicrobial agents in animal herds. 4, 5 Investigations in Great Britain have indicated that salmonellae in pig and cattle herds develop resistance to antimicrobial agents more frequently than similar serotypes in poultry flocks. 6 This was linked to the continuing use of various antimicrobial agents in the cattle and pig herds, in contrast to a less intensive use of antimicrobials in poultry production.
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Antimicrobial resistance in Salmonella enterica subsp. enterica serovar typhimurium from humans and production animals The purpose of the present study was to evaluate the susceptibility to antimicrobial agents of salmonella isolates from human and veterinary sources and to determine the frequency of resistance to antimicrobial agents in S. typhimurium isolates from human gastrointestinal infections and from clinical as well as subclinical infections in cattle, pigs and poultry. Furthermore, the strains were examined using various epidemiological typing methods to investigate the relatedness of antimicrobial-resistant S. typhimurium isolates from human and production animals.
Materials and methods

Bacterial strains
Human isolates. A total of 228 human isolates of S. typhimurium, 222 from faeces, one from urine, four from blood and one from tissue, were included. All were isolated from patients with salmonellosis in August 1993. Stool samples or pure cultures were submitted to the State Serum Institute from various regions of Denmark. One isolate from each patient was used for the present investigation. Information regarding travel abroad within a month before the disease onset was noted as these infections may have originated from countries other than Denmark.
Veterinary isolates. A total of 245 animal isolates of S. typhimurium originating from cattle (48), pigs (99) and poultry (98) were included. Five isolates were excluded during the study because their serovar designation could not be confirmed in repeat testing (all isolates found to be non-typable by phage typing were serotyped again to confirm serovar identity). The samples were forwarded to the Danish Veterinary Laboratory for microbiological investigation. Isolates from cattle originated from clinical salmonella infections, isolates from poultry were from subclinical infections, and isolates from pigs were from clinical and subclinical infections. The material was selected to comprise only one isolate per cattle/pig herd or per poultry flock. Isolates were selected to represent the range of phage types isolated from the various animal sources over the period of the survey.
Serotyping and phage-typing of isolates
All human isolates were serotyped at the State Serum Institute and all veterinary isolates at the Danish Veterinary Laboratory according to the Kauffmann-White scheme 8 and using the same antisera produced at the Institute. All isolates were phage-typed at the Danish Veterinary Laboratory according to the method of Callow 9 using the extended phage typing scheme for S. typhimurium. 10 Typing phages and type strains were obtained from Dr B. Rowe, Laboratory of Enteric Pathogens, Central Public Health Laboratories, Colindale, UK.
Storage and antimicrobial susceptibility testing
Human isolates of S. typhimurium were stored at 80°C in filtered cefbroth (State Serum Institute) supplemented with 10% glycerol. Before use each culture was streaked on to 5% blood agar plates and cultured for 24 h at 37°C. After purity control, material from three colonies was used for susceptibility testing, which was performed with tablet diffusion on Danish Blood Agar (State Serum Institute). Veterinary isolates of S. typhimurium were stored at 80°C in LB-broth supplemented with 5% glycerol. Before use each culture was streaked on to bovine blood agar plates which were also used for the tablet diffusion (Columbia agar, Oxoid CCM 331; Unipath Ltd, Basingstoke, UK) (supplemented with 5% defibrinated bovine blood) and cultured for 24 h at 37°C. After purity control, material from three colonies was used for susceptibility testing. All strains were tested for susceptibility to 22 different antimicrobial agents by a tablet diffusion method. Testing was performed according to the manufacturer's guidelines (Rosco Diagnostica, Taastrup, Denmark) for susceptibility testing of veterinary and human bacterial isolates.
11 Briefly: the inoculum was standardized as recommended by the supplier to ensure semiconfluent growth on the agar plate. Tablets were applied to the agar surface. Interpretation of inhibition zones after incubation at 37°C for 20-24 h is shown in Table I . Resistance to antimicrobial agents refers to the formation of inhibition zone diameters not exceeding those indicated in Table I . If breakpoints were not available for the human or the veterinary practice, new breakpoints were assigned according to the distribution of all the strains and in accordance with breakpoints in the two systems. The reason for different zone sizes for human and veterinary isolates is that different media were used. In all cases, resistant strains had considerably smaller zones than the breakpoints indicated. All strains demonstrating resistance to one or more antimicrobial agent were retested. Quality control was performed as recommended by the supplier with stock cultures of Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 27853) and Enterococcus faecalis (ATCC 29212) (Rosco Diagnostica).
Plasmid profiling and ribotyping
All isolates resistant to one or more antimicrobial agent were screened for plasmid content according to the method of Kado & Liu. 12 Plasmid preparations from all isolates were investigated by electrophoresis in 0.6% and 0.8% agarose gels to allow maximum separation of large and small plasmids, respectively. Plasmid mobilities were calculated relative to reference plasmids in E. coli 39R361 13 and E. coli V517 14 by computer software (Cream, V3.0, Kementec, Copenhagen, Denmark). In order to compare plasmid profiles of human and veterinary isolates, those with apparently similar profiles were subsequently run on a common gel. Plasmid bands differing by up to 5% in molecular weight were considered indistinguishable. Plasmid profiles differing by one plasmid band were regarded as being indistinguishable, allowing for the loss or uptake of a single plasmid. Resistant isolates were ribotyped when additional epidemiological characterization was considered relevant. Ribotyping was performed as described by Fussing & Wegener 15 with modifications. Briefly, digested total DNA fragments were separated by electrophoresis, transferred to Hybond-N membranes (Amersham) and hybridized with a digoxigenin-labelled rRNA probe and commercially available rRNA from 16 and 23S E. coli (Boerhinger), commercial enzymes (Boerhinger) for synthesis and digoxigenin labelling of the probe and a commercial digoxigenin staining kit (Boerhinger) were used. Ribotypes were discriminated by one band difference.
Results
Incidence of antimicrobial resistance
The incidence of resistance (defined here as resistance to one to three antimicrobial agents) and multiple resistance (resistance to four or more antimicrobial agents) in S. typhimurium isolates from humans and the three species of production animals is summarized in Table II . A total of 19.3% of the human isolates were resistant to one or more antimicrobial agent. Almost half of the resistant isolates were multi-resistant (Table II) . Antimicrobial resistance was observed in 10.4%, 11.1% and 9.2% of the isolates from cattle, pigs and poultry, respectively. Multiple resistance was observed in none of the isolates from pigs and poultry and in 1% of the cattle isolates (Table II) . The incidence of resistance to individual antimicrobial agents is shown in Table III . For the human isolates, similar levels (10-13%) were resistant to tetracycline, sulphonamide, streptomycin and ampicillin. Lower levels were found (in declining order) for chloramphenicol, nitrofurantoin, spectinomycin, trimethoprim and gentamicin/neomycin. In animal isolates, resistance was also observed for tetracycline, sulphonamide, streptomycin, chloramphenicol and ampicillin. In general, both the range and the level of resistance to the individual antimicrobial agents were lower for animal isolates than for human isolates. Of particular note, no resistance to the cephalosporins, mecillinam, colistin, apramycin, ciprofloxacin or enrofloxacin was observed. Furthermore, low resistance (one or two isolates) was observed for the nitrofurans, nalidixic acid, gentamicin and neomycin. All ampicillin-resistant isolates showed reduced susceptibility to ampicillin-sulbactam as well: their inhibition zones were within the range 17-23 mm and the breakpoint for ampicillin-sulbactam is 19 mm. Because of the Gaussian population distribution of these strains they were all recorded as intermediately susceptible to ampicillin-sulbactam. All quality control organisms were within accepted ranges on each day that tests were performed.
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Epidemiology of antimicrobial-resistant strains
Characterization of all human and animal S. typhimurium isolates resistant to more than one antimicrobial agent by antibiogram, phage type, plasmid profiling and ribotyping is shown in Tables IV and V. For human isolates, information about recent travel history was included.
Antibiogram
A total of 16 different patterns of resistance were observed among the 44 resistant human isolates. Sixteen isolates had only one resistance marker, either tetracycline, sulphonamide or ampicillin. Six isolates had two resistance markers with the combination of sulphonamide and streptomycin in three of six isolates. Only one isolate had three resistance markers, tetracycline, trimethoprim and sulphonamide. The 21 multi-resistant human isolates included eight different resistance patterns dominated by two groups of isolates having six resistance markers. Four isolates had four resistance markers and three isolates had seven, eight and nine resistance markers, respectively (Table IV) . Ten different patterns of resistance were observed among the 25 resistant animal isolates. Thirteen of the resistant isolates had one resistance marker only (tetracycline, sulphonamide, ampicillin or nitrofurantoin). These isolates included all nine resistant poultry isolates (seven of these being resistant to ampicillin), three porcine isolates and one isolate from cattle. The remaining 12 isolates from cattle and pigs comprised eight isolates with two resistance markers (sulphonamide and streptomycin in five isolates), two isolates with three resistance markers and two identical multi-resistant isolates from cattle with five resistance markers (Table V) .
Phage typing
Of the 44 human isolates, 31 isolates could be assigned to eight different definitive phage types, nine isolates belonged to types of unknown lysis pattern (RDNC), and four isolates could not be typed by any of the phages. The predominant definitive phage types observed were 104 (eight isolates), 12 (seven isolates), 193 (six isolates) and 110 (five isolates). The multi-resistant isolates were mainly of phage type 193 (four isolates) (Table IV) . Two nontypable strains within the same ribotype (F) could have lost their capability of being phage-typed and therefore might be identical to the two phage type 193 strains with the same resistance pattern. Of the five resistant cattle isolates, four were assigned to three definitive phage types (10, 110 and 120). The two multi-resistant isolates both belonged to phage type 120. Of the 11 resistant porcine isolates, eight isolates were assigned to six definitive phage types (3, 10, 66, 120, 193 and 194) . Three isolates resistant to sulphonamide and streptomycin belonged to phage type 10 and three isolates having different resistance patterns were of phage type 193. Of the nine resistant poultry isolates, seven were assigned to three definitive phage types (110, 120 and 135) ( Table V) .
Ribotyping
Thirty human and ten production animal isolates were ribotyped. A total of eight different ribotypes were observed. Eighteen human isolates and seven animal isolates belonged to the predominant ribotype (C). Furthermore, three human isolates and one animal isolate belonged to the same ribotype (D) (Tables IV and V) .
Plasmid profiling
One or more plasmid bands were observed in all resistant isolates. The mean number of plasmids per strain isolated from humans and veterinary sources was 3.0 and 3.6, respectively. Defining different profiles as ones differing in at least two plasmid bands, 27 different plasmid profiles were observed among the human isolates and 21 different plasmid profiles were observed among the production animal isolate. Eight of the human isolates investigated did not harbour the 95 kb plasmid considered to be the virulence plasmid. Sixteen human isolates had plasmid profiles that were indistinguishable from plasmid profiles observed in animal isolates.
Information on patients travelling abroad
From a total of 228 human isolates, information on travel abroad within a month before disease onset was available for 162 (71.1%). Of these, 29 (17.9%) had been abroad. Similar information was available for 29 (65.9%) of the 44 resistant isolates. Eleven (37.9%) of these 29 patients had been abroad (Table V) . Also, information concerning the 21 multi-resistant isolates was available for 14 (66.7%). Among these nine patients (64.3%) had been abroad (Table V) . This difference between foreign travel and multi-resistance was significant (P 0.01). Patients had been travelling in mid-and southern Europe and in southeast Asia (Table V) .
Discussion
The values obtained for the frequency of resistance to antimicrobial agents depend upon the breakpoints chosen for the particular agents. Breakpoints for human and veterinary antimicrobial agents differed somewhat (Table II) and in order to ensure comparable results of human and animal isolates for each antimicrobial agent, some breakpoints had to be adjusted. These adjustments were performed so that levels of susceptibility determined a Abbreviations: A, ampicillin; C, chloramphenicol; Fu, furazolidone; G, gentamicin; Na, nalidixic acid; Ne, neomycin; Ni, nitrofurantoin; S, streptomycin; Sp, spectinomycin; Su, sulphonamides; T, tetracycline; Tm, trimethoprim. b NT: Non-typable. RDNC: routine dilution, no conformity (unknown phage type). c Human and veterinary isolates with plasmid profiles marked with an asterisk were subsequently run on a common gel; isolates with identical antibiograms were found to have identical plasmid profiles. d -, not done. Ribotypes were arbitrarily designated letters A to H. e Information on whether the patient had been abroad within a month before disease onset. ?, no information available.
for human and animal isolates were comparable. The clinical relevance of the adjusted breakpoints has not been considered. The 19.3% overall incidence of antimicrobial resistance in the human S. typhimurium strains had increased from 2% in a random sample of 60 S. typhimurium strains from human diarrhoea cases in August 1988 (unpublished observation). Apparently, importation of resistant strains from outside Denmark accounts for about 50% of the increase in the incidence of resistance. Furthermore, the majority of the imported strains appeared to be multi-resistant (i.e. resistant to four or more antimicrobial agents). The highest frequency of resistance in the human strains in this study was against tetracycline (13%), ampicillin or sulphonamide (both 12%), streptomycin (12%) and chloramphenicol (8%) ( Table III) . These five antimicrobial agents are also those usually reported with highest frequencies of resistance in salmonella strains from other parts of the world. For example, Espinasse 7 reported that 61-91% of S. typhimurium from 1982 were resistant to ampicillin, chloramphenicol, streptomycin or tetracycline, while only 3% of the strains were resistant to sulphonamides. In a study from Hong Kong 16 the following frequencies of resistance were reported in salmonella strains of various serotypes: ampicillin, 17%; chloramphenicol, 23%; tetracycline, 61%; sulphonamides, 74%. Streptomycin was not studied, but 8% of the strains were gentamicin-resistant. MacDonald et al. 17 from the USA noted an increase in resistance similar to that found in the present study, i.e. ampicillin, 9%; streptomycin, 12.2%; tetracycline, 13%; sulphonamide, 7%. All 21 multi-resistant S. typhimurium strains found in humans were resistant to tetracycline and sulphonamides, while 19 of the strains were ampicillinresistant and 18 chloramphenicol-resistant. Whether the Table IV . a Human and veterinary isolates with plasmid profiles marked with an asterisk were subsequently run on a common gel: isolates with identical antibiograms were found to have identical plasmid profiles. Plasmid bands marked with a double asterisk were identical.
resistance reflects human or veterinary use of antimicrobial agents is unknown. Ampicillin, chloramphenicol and trimethoprim-sulphonamide have been widely used for this purpose for many years. On the other hand, all these antimicrobial agents, except chloramphenicol, are used in veterinary medicine for treatment purposes. Interestingly, four of five strains with the TCTmSuSA-antibiogram (see Table IV for abbreviations) had the same plasmid-and ribotype but belonged to two different phage types: 193 or non-typable (Table IV) ; three of these strains probably originated in Turkey, suggesting a clonal relationship. Similarly, all but one isolate with the TCSuSSpA-antibiogram belonged to phage type 104. These isolates were also very similar in plasmid type and ribotype (Table IV) , which also suggests a clonal spread. Association with travel was known for four of these strains, two probably originating in Poland and Syria and two in Denmark. During 1993 a strain of S. typhimurium with a similar phage type and plasmid profile was isolated from a sample of imported beef, suggesting a likely source for these infections (data not shown). The presence of resistance to spectinomycin in these strains is surprising, as this drug is used only to treat gonorrhoea in humans. Among the resistant S. typhimurium strains from animals only two multi-resistant strains were found, both strains in cattle from a herd in the southern part of Denmark close to the German border (Table V) . Interchange of animals is known to take place with herds in Germany known to have higher levels of antimicrobial resistance in bovine salmonella. Although the frequency of resistance markers was similar in pigs and poultry, the resistant isolates from pigs carried higher numbers of plasmids than isolates from poultry (Table V) . Furthermore, isolates from pigs were resistant to more antimicrobials than poultry strains, probably reflecting the higher use of antimicrobials in pigs than in poultry. 6 Tetracycline has been used increasingly in Danish veterinary medicine in the last 5 years, often for prophylaxis in pigs. Poultry strains were usually resistant only to ampicillin. This drug is used to treat colibacillosis in day-old chicks. Similar types of resistant strains were found among human strains and animals. Five human strains resistant to ampicillin with phage type 110, ribotype C and plasmid profile: 95 kb with or without 2.0 kb (Table IV) were closely related to three counterparts among poultry strains (Table V) . Three sulphonamide-streptomycin antibiogram types from humans with phage type 12, ribotype D and similar plasmid profiles (Table IV) closely resembled a strain from cattle (Table V) . If a variation of one plasmid is allowed, these strains are so similar with regard to serotype, antibiogram, phage type, plasmid profile and ribotype that a common origin is the most likely explanation. Transfer from animals to humans via food is the most likely route of this transmission. Several studies from Great Britain and Denmark have indicated spread of particular phage types from production animals to humans, in some of these cases with resistant strains. 1, 2, 13 Only one strain, a human multi-resistant strain, was resistant to nalidixic acid. Since resistance to this drug is a marker for quinolone resistance, it was consoling to note that it was rarely found. Quinolones are now widely used in humans for a number of indications including treatment of salmonella infections. A modern fluoroquinolone, enrofloxacin, has recently been marketed for veterinary use. There have already been reports concerning rapid increase in resistance in Campylobacter spp. after introduction of this antimicrobial agent to veterinary medicine. 18 We found no resistance to apramycin, an aminoglycoside used only in veterinary medicine. Spread of strains resistant to apramycin from animals to man [19] [20] [21] has previously been monitored. Resistance to the drug is caused by the enzyme 3-N-aminoglycoside acetyltransferase type IV, which also inhibits gentamicin, but this enzyme is seldom found in clinical material from other parts of Europe or the USA. 20 Apramycin is not used in Denmark.
In conclusion, the present study reports a 19% incidence of resistance to antimicrobial agents in human S. typhimurium strains versus a 9-11% incidence of resistance in cattle, pigs and poultry strains isolated in 1993. Half of the human strains were multi-resistant, the majority being imported from outside Denmark. Among the human isolates with fewer antimicrobial resistance markers, similar strains as determined by several typing methods were found among S. typhimurium strains from Danish farm animals. Spread of these strains from animals to humans is the most probable explanation. In the light of the current favourable situation in our country we propose that antimicrobial susceptibility of salmonella strains isolated from human diarrhoea cases and animals is monitored to detect and prevent increasing antimicrobial resistance.
